Hi-c is a powerful method that provides pairwise information on genomic regions in spatial proximity in the nucleus. Hi-c requires millions of cells as input and, as genome organization varies from cell to cell, a limitation of Hi-c is that it only provides a population average of genome conformations. We developed single-cell Hi-c to create snapshots of thousands of chromatin interactions that occur simultaneously in a single cell. to adapt Hi-c to single-cell analysis, we modified the protocol to include in-nucleus ligation. this enables the isolation of single nuclei carrying Hi-c-ligated Dna into separate tubes, followed by reversal of cross-links, capture of biotinylated ligation junctions on streptavidin-coated magnetic beads and pcr amplification of single-cell Hi-c libraries. the entire laboratory protocol can be carried out in 1 week, and although we have demonstrated its use in mouse t helper (t H 1) cells, it should be applicable to any cell type or species for which standard Hi-c has been successful. We also developed an analysis pipeline to filter noise and assess the quality of data sets in a few hours. although the interactome maps produced by single-cell Hi-c are sparse, the data provide useful information to understand cellular variability in nuclear genome organization and chromosome structure. standard wet and dry laboratory skills in molecular biology and computational analysis are required. of cell fixation. Therefore, the data provide the opportunity to analyze snapshots of chromosome conformations from individual cells capturing cellular heterogeneity, which may reflect their dynamic behavior. For example, we showed in our singlecell Hi-C study on mouse T H 1 cells that individual chromosomes maintain topological domain organization at the megabase scale, but that chromosome structures vary from cell to cell at larger scales 13 . An important point to note is that single-cell Hi-C data are sparse, and a potential concern is that the variability in interactome maps derived from individual cells could be because of nonuniform sampling of the interactome from each cell. However, proper statistical analyses can rule out such explanations for the observations.
IntroDuctIon
In the interphase nucleus of higher eukaryotes, the genome is nonrandomly organized within the 3D space to form long-range and trans-chromosomal interactions. This organization is an emerging area of importance, as the function and activity of loci are strongly correlated with their 3D conformations 1,2 . To explore such chromosome interactions at a genome-wide level, chromosome conformation capture (3C)-based high-throughput methods, in particular Hi-C, have been extensively used [3] [4] [5] . Hi-C measures pairwise contact frequencies between all loci in the genome using populations of millions of cells. These data have led to advances in the understanding of higher-order organization of the genome, such as chromatin loop formation and the discovery of topologically associating domains [6] [7] [8] , and they have been used to build 3D models of chromatin 3, 9, 10 . However, it is important to note that Hi-C data represent an ensemble average of millions of cells, and decades of microscopy studies have shown that nuclear organization is not uniform, even among cells of a homogeneous population 11 . Thus, the actual genome organization of an individual cell cannot be determined from ensemble Hi-C.
Development of the protocol
In conventional Hi-C, cross-linked chromatin in millions of cells is digested with a restriction enzyme, followed by biotin fill-in labeling of the digested ends. After nuclear lysis and dilution of chromatin complexes, DNA fragments in the same cross-linked complex are ligated and sheared, and ligation junctions are recovered on streptavidin-coated beads before paired-end sequencing 12 .
To develop single-cell Hi-C, we modified the original Hi-C protocol 12 to perform the ligation in the nucleus 13 , allowing us to isolate single cells in which the Hi-C procedure was nearly complete. Cells were then transferred to individual tubes for cross-link reversal, DNA fragmentation, capture of ligation junctions and Hi-C library construction (Fig. 1) . Despite these technical differences, we confirmed that the single-cell Hi-C protocol produces data similar to conventional ensemble Hi-C by comparing pooled single-cell Hi-C data from multiple cells 13 . Our more recent analyses, and those of others, suggest that in-nucleus ligation actually improves Hi-C results 14, 15 .
We also developed computer scripts (scell_hicpipe) to filter spurious read-pairs and assess the quality of single-cell Hi-C data sets; the most recent versions of these scripts and a test data set are available at https://bitbucket.org/tanaylab/schic_pipeline.git. The rationale behind these scripts is described in detail in the supplementary information of Nagano et al. 13 , which can be found here: http://www.nature.com/nature/journal/v502/n7469/extref/ nature12593-s1.pdf.
The scell_hicpipe takes mapped paired-end reads and filters out the read-pairs that are likely to be noise (e.g., read-pairs appearing only once in the sequence output), and it statistically assesses the probability that the data set derives from a single cell. In our recent study 13 , we chose the data sets that satisfy the following three conditions for further in-depth analyses: at least 10,000 unique contacts; the percentage of read-pairs that were sequenced only once (and therefore filtered) was <30%; and the data set was as expected from a single cell-i.e., the number of autosomal restriction fragment ends (fends) interacting with more than two other distinct fends should be less than the expected number according to a binomial model. Of 74 data sets created in the study, ten satisfied these criteria.
Here we provide a detailed protocol for single-cell Hi-C based on our previously published methods 13 . The protocol also describes basic data analysis using the scell_hicpipe scripts via the command line on a Linux operating system.
Applications, advantages and limitations of single-cell Hi-C
The interactome obtained with this protocol is not an average among multiple cells but a snapshot from a single cell at the time of cell fixation. Therefore, the data provide the opportunity to analyze snapshots of chromosome conformations from individual cells capturing cellular heterogeneity, which may reflect their dynamic behavior. For example, we showed in our singlecell Hi-C study on mouse T H 1 cells that individual chromosomes maintain topological domain organization at the megabase scale, but that chromosome structures vary from cell to cell at larger scales 13 . An important point to note is that single-cell Hi-C data are sparse, and a potential concern is that the variability in interactome maps derived from individual cells could be because of nonuniform sampling of the interactome from each cell. However, proper statistical analyses can rule out such explanations for the observations.
A distinct advantage of single-cell or single-molecule Hi-C data (as in the case of the X chromosome in male cells) is the ability to apply 3D modeling approaches. For example, the interaction data from the single-copy male X chromosome was used to derive distance restraints to calculate 3D models of chromosomes, upon which genomic and epigenomic information can be projected for the study of spatial patterns of such features 13 .
Currently, a major limiting factor for the single-cell Hi-C technique is the sparsity of data or genome coverage. We detected up to ~30,000 unique interaction pairs per single cell. The theoretical number of distinct mappable interaction pairs in a mouse diploid cell is ~1.2 million, indicating that the genome coverage from the richest data sets was ~2.5%. Although coverage was low, it was uniform, suggesting that it was unlikely to be due to biased retrieval from the genome. Chromosome structure modeling confirmed this, as combining individual cell data sets led to compact ball-shaped structures with increased violations, rather than a refinement of the models from the initial data sets 13 .
The sparsity of genome coverage leads to concerns over the success rate of the experimental protocol. We showed that the richest data sets-i.e., those with the highest number of restraints (unique read pairs)-generated the most accurate and precise 3D models. In this regard, we chose ten single-cell data sets out of the 74 single cells processed for in-depth statistical analyses, and six of these were used for 3D modeling analyses in our previous study 13 . The low rate of useful libraries is a technical limitation of this protocol. A laboratory automation system to process larger numbers of single cells would obviously increase the number of successful data sets with this protocol. Future work aimed at streamlining or improving the efficiency of individual steps in the single-cell Hi-C protocol may also help increase genomic coverage per cell and, in so doing, improve success rates.
However, it is worth noting that despite the technical limitations, there are currently no published alternatives to this single-cell Hi-C protocol.
Experimental design Cell type. In general, single-cell Hi-C should be possible in any cell preparation in which 3C or Hi-C has been successful. For cells in which 3C or conventional Hi-C information is not available, it is possible to check the experimental conditions by testing the efficiencies of restriction digestion 16 , biotin labeling and ligation (Box 1) using several million cells.
Cell fixation and permeabilization. In this protocol, cells are fixed in 2% formaldehyde for 5 min at room temperature (20-25 °C) . However, different conditions (e.g., 1-2% formaldehyde for 10 min at room temperature) can also be applied. Generally, stronger fixation conditions (i.e., higher formaldehyde concentration or longer fixation time) may increase the risk of higher background noise in single-cell Hi-C data. For dissociation to single cells and cell permeabilization, additional steps such as trypsin treatment or Dounce homogenizing may be necessary for some cell types 17 .
First restriction enzyme (RE1).
The resolution of Hi-C depends on the frequency of restriction enzyme digestion sites in the genome. Therefore, four-cutter enzymes, which have significantly more cut sites in the genome than six-cutter enzymes, have the potential to create higher-resolution interactome maps. The RE1 digestion of the Hi-C protocol is carried out in the presence of detergents, and it is important to note that not every enzyme is suitably active under these conditions. We have used either BglII or DpnII for single-cell Hi-C (BglII in the protocol below), but If an enzyme has been used successfully in standard 3C or Hi-C protocols, it is reasonable to assume that the enzyme will work for single-cell Hi-C. Nevertheless, the efficiency of RE1 digestion should be checked when initiating Hi-C studies and in particular when using a restriction enzyme that has not been used for 3C or Hi-C previously. The procedure to check the digestion efficiency has been previously described 16 .
Library barcoding and sequencing. Each single-cell library is barcoded or indexed so that multiple libraries can be mixed in the same sequencing lane and demultiplexed once the sequence data are collected. Because of the greatly reduced complexity of single-cell Hi-C libraries compared with ensemble Hi-C libraries, several single-cell libraries can be multiplexed and still sequenced to reasonable depth. In our recent study 13 in which RE1 was BglII (approximately one million digestion sites in mouse haploid genome), we loaded up to 12 single-cell Hi-C libraries per lane of an Illumina Genome Analyzer IIx that is capable of ~30 million paired-end reads. We found this to be sufficient to determine the quality of single-cell Hi-C libraries, and to achieve near saturation of depth for most libraries 13 . Single-cell libraries of particularly high quality (i.e., sufficient number of fend-pairs, high statistical probability for single-cell sourced data and high percentage of valid read-pair; see ANTICIPATED RESULTS section below) can be resequenced to obtain additional read-pairs, which results in more informative data sets.  crItIcal In this PCR, sets of primers (F and R above) that are designed to anneal to two neighboring BglII fragments in the same orientation (Fig 4a) are used to detect and amplify Hi-C products (Fig 4b) .  pause poInt The samples can be kept at −20 °C for several days. 4. Purify the PCR products by QIAquick PCR purification kit and elute in 33 µl of buffer EB; digest 10 µl of the elute with 1 µl of either BglII, ClaI or NotI (undigested control) in 15-µl scale, and analyze it on an agarose gel (Fig. 4c) .
Box 1 | Testing biotin incorporation and Hi-C ligation
? trouBlesHootInG Ideally, the DNA should be resistant to BglII digestion (reflecting ligation junctions processed as expected), whereas the ClaI digestion should be near complete, which suggests that BglII digestion and biotin incorporation are efficient. Note that each assessment is only on the specific junction amplified by the primers, and they represent an average efficiency among multiple cells. 
MaterIals

REAGENTS
Hybridization oven (Techne HB-1D) Low-retention filter tips (Starlab, cat. nos. S1180-3810, S1180-1810, S1180-8810 and S1182-1830) Permeabilization buffer Permeabilization buffer is 10 mM Tris-HCl, 10 mM NaCl and 0.2% (vol/vol) NP-40, cOmplete EDTA-free; to prepare a volume of 50 ml, add 500 µl of 1 M Tris-HCl (pH 8.0), 100 µl of 5 M NaCl and 500 µl of 20% (vol/vol) NP-40 to 48.9 ml of water. Then, add one tablet of cOmplete EDTA-free, mix it well to dissolve the tablet and chill the buffer on ice.  crItIcal Freshly prepare the buffer on the day of the cell permeabilization. Triton X-100, 20% (vol/vol) To prepare 1 ml of 20% (vol/vol) Triton X-100, add 800 µl of water to 200 µl of Triton X-100 and mix it well.  crItIcal Freshly prepare the solution for each restriction digestion. NEBuffer 3, 1.2× To prepare 1.3 ml of 1.2× NEBuffer 3, add 156 µl of NEBuffer 3 (10×) to 1.144 ml of water and mix it well.  crItIcal Freshly prepare the solution for each restriction digestion. Binding and washing (BW) buffer, 1× BW buffer, 1× is 5 mM Tris-HCl, 0.5 mM EDTA and 1 M NaCl; to prepare a volume of 50 ml, add 250 µl of 1 M Tris-HCl (pH 7.5), 50 µl of 0.5 M EDTA and 10 ml of 5 M NaCl to 39.7 ml of water and mix the contents well. We usually freshly prepare the buffer.
• proceDure cell fixation • tIMInG 30 min to 1 h 1| Prepare a fresh single-cell suspension (preferably containing 10 7 cells or more) in 21.875 ml of full medium at room temperature in a 50-ml centrifuge tube.
2| Add 3.125 ml of 16% formaldehyde, to obtain a final formaldehyde concentration of 2% in 25 ml.
3|
Fix for exactly 5 min at room temperature with gentle mixing on a rotating wheel. ! cautIon As formaldehyde is toxic, it should be handled in a fume hood and discarded according to relevant institutional and local regulations.
4| Quench fixation by adding 1.7 ml of 2 M glycine (final glycine concentration will be 0.127 M) and mix gently by inverting the tube.
5|
Centrifuge the tube at ~300g for 8 min at 4 °C.
BW buffer, 2× BW buffer, 2× is 10 mM Tris-HCl, 1 mM EDTA and 2 M NaCl; to prepare a volume of 1 ml, add 10 µl of 1 M Tris-HCl (pH 7.5), 2 µl of 0.5 M EDTA and 400 µl of 5 M NaCl to 588 µl of water and mix it well. We usually freshly prepare the buffer. EB buffer EB buffer is 10 mM Tris-HCl; to prepare a volume of 15 ml, add 150 µl of 1 M Tris-HCl (pH 7.5) to 14.85 ml of water. We usually freshly prepare the buffer. Oligonucleotides for sequencing adapters (For Illumina sequencing platform) Pairs of two oligonucleotides (forward, F) and (reverse, R) shown in Table 1 should be annealed to prepare the sequencing adapter without the identification tag, or with each corresponding identification tag. p indicates 5′-phosphate modification, and the asterisk (*) indicates 5′-3′ phosphorothioate linkage. Dissolve each adapter to 100 µM in water, and make aliquots of 15 µl. These aliquots can be stored at −20 °C for up to 2-3 years.  crItIcal These oligonucleotides should be 'HPLC-purification grade' . The tip size and the appearance can be checked under a stereo microscope. Remove the silicone capillary holder (at the left end in Fig. 2b ) from the original aspirator tube assembly and, to the adapter, add a 50-mm piece of silicone tubing (6.0 mm bore, 2.0-mm-thick wall). Insert the Pasteur pipette into the tubing to complete the assembly.
6|
Remove the supernatant and resuspend the pellet in 50 ml of cold PBS (1×).  crItIcal step To completely remove the supernatant without disturbing the pellet, do not try to remove all of the supernatant at once. After removing most of the supernatant by pipetting or decanting, with 2-3 ml left, briefly recentrifuge the tube to collect all of the remaining supernatant droplets at the bottom of the tube and carefully remove the remaining supernatant with a 200-or 1,000-µl pipette. This also applies to Step 8 below.
7|
8|
Remove the supernatant as described in Step 6 and proceed to cell permeabilization (Step 9).  pause poInt The cell pellet can be frozen in liquid nitrogen and stored at −80 °C for several months.
cell permeabilization and the first restriction digestion • tIMInG 3 h + incubation for 12-16 h 9| Resuspend the fixed cell pellet from Step 8 in 50 ml of ice-cold permeabilization buffer.  crItIcal step If it is frozen, the cell pellet should be left on ice until it thaws. Resuspension is most effective by first adding a small volume (2-3 ml) of permeabilization buffer and vigorously tapping the tube, and then adding the remaining buffer.
10|
Incubate the tube for 30 min on ice, and mix it by inversion every 5-10 min.  crItIcal step Mixing is important to ensure high-quality nuclei prep.
11|
Centrifuge the tube at ~600g for 6 min at 4 °C.
12|
Remove most of the supernatant, leaving ~1 ml, resuspend the cells with the remaining supernatant, and transfer it to a 1.5-ml tube.
13|
Centrifuge the tube at 600g for 6 min at 4 °C in a benchtop centrifuge.
14|
Remove the supernatant and wash the pellet twice (once in 800 µl and once in 400 µl of 1.2× NEBuffer 3).  crItIcal step Substitute 1.2× NEBuffer 3 buffer with appropriate buffer when you are using a restriction enzyme other than BglII as RE1.  crItIcal step Resuspending the cell pellet is not necessary at this step. It may even cause cell loss, especially when you are working with a low number of cells.  crItIcal step Buffer exchange is most efficient by first removing ~90% of the supernatant; briefly recentrifuge the tube (keeping the same tube orientation so as not to disturb the existing cell pellet) and carefully remove the remaining supernatant with a 20-µl pipette. This applies to all subsequent steps involving supernatant removal from 1.5-ml tubes after centrifugation. 
15|
21|
Centrifuge the tube at 600g for 6 min at 4 °C.
22|
Remove the supernatant, leaving ~50 µl including the pellet.
23|
Add the following components to the sample and mix them by gentle pipetting: 
single-cell isolation and cross-link reversal • tIMInG ~1 h + incubation for 12-16 h 25|
26|
Remove the supernatant as described in Step 14 and resuspend the pellet with 1 ml of PBS (1×). Figure 3 shows a typical cell suspension at this stage.  pause poInt The cell suspension can be stored at 4 °C for several days.
27|
Pass the cell suspension through a 40-µm cell strainer and determine the cell density using a hemocytometer. Use an aliquot of 2-5 × 10 6 cells to check the efficiency of biotin incorporation and ligation, as described in Box 1 and Figure 4 .  crItIcal step The cell suspension can be stored at 4 °C for several days. The cell density should be checked before every use. If cell clumps are evident, the suspension should be passed through the cell strainer again and the cell density should be re-assessed.
28| Dilute an aliquot of cells from
Step 27 in PBS (1×) to give a suspension of 150 cells/µl in ~100 µl.
29|
To a new 1.5-ml tube, add 1 ml of PBS (1×) and 8 mg of low-melting agarose, heat it at 70 °C in a water bath until the agarose dissolves and then keep the mixture molten at 37 °C.
30|
To a new 1.5-ml tube, add 5 µl of cell suspension from Step 28, 20 µl of PBS (1×) and 25 µl of agarose solution from
Step 29, and mix well.
31|
Using a glass Pasteur pipette (preheated to 37 °C), take up the cell suspension in agarose and make microdrops (diameter <0.5 mm; volume <1 µl) on a new ice-cold glass slide and leave the droplets to solidify.
32| Place the slide under PBS (1×) in a Petri dish and, under a stereoscopic microscope, identify droplets that contain only single cells.
? trouBlesHootInG 33| Use a fresh Pasteur pipette connected to a mouthpiece to transfer an isolated single-cell droplet to a new 1.5-ml DNA LoBind tube containing 25 µl of PBS (1×). ! cautIon Mouth pipetting is actively discouraged in many laboratories. A potential alternative is to use a micromanipulator, although this can be cumbersome and time-consuming.  crItIcal step It is fine to transfer pieces of agarose with a cell. The Pasteur pipette should be changed after handling each cell to avoid contamination.
34|
Briefly spin the tube containing the isolated single cell and incubate it at 65 °C for 12-16 h to reverse cross-links. In our hands, omission of proteinase K at this step did not affect results.  crItIcal step Make sure that the tube lid is tightly closed.
purification of Hi-c Dna with magnetic beads • tIMInG ~2 h  crItIcal
It is recommended to use low-retention pipette tips for handling beads and single-cell samples after this point.
35| Once cross-link reversal is complete, place the tubes from
Step 34 on ice.
36|
Mix Dynabeads M-280-streptavidin well to obtain a homogeneous suspension.
37|
Transfer 25 µl of beads suspension (per single-cell sample) to a fresh 1.5-ml tube.  crItIcal step For example, take 300 µl of bead suspension if you are handling 12 single-cell samples simultaneously.
38|
Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant. Remove the tube from the magnetic stand, add 1× BW buffer and gently tap the tube to resuspend the beads.  crItIcal step The volume of 1× BW buffer per wash should be equal to or more than the original bead suspension.
39| Repeat
Step 38 twice more. 
40|
Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant. Resuspend the beads in 27 µl (per single-cell sample) of 2× BW.  crItIcal step For example, resuspend the beads with 324 µl of 2× BW buffer if you are handling 12 single-cell samples simultaneously.
41|
Transfer 25 µl of the bead suspension to each tube containing 25 µl of single-cell sample (from Step 35), and gently tap the tube to mix.  crItIcal step Do not pipette the mixture up and down at this point because DNA is very dilute, and it is prone to loss because of sticking to the pipette tip.
42|
Incubate the tube at room temperature for 1 h on a rotating wheel at 2-5 r.p.m.
43|
Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
44|
Remove the tube from the magnetic stand, add 200 µl of 1× BW buffer to each tube and gently tap the tube to resuspend the beads. Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
45| Repeat
Step 44 twice more. 
46|
48| Collect the suspension from
Step 46 at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
49|
Remove the tube from the magnet, resuspend the beads with 50 µl of AluI reaction mixture (from Step 47) by pipetting gently and incubate the mixture at 37 °C for 1 h on a rotating wheel at 2-5 r.p.m.  crItIcal step The reaction can take place on a small rotating wheel in a hybridization oven.
50|
51|
Remove the tube from magnetic stand, add 200 µl of 1× BW buffer to each tube and gently tap the tube to resuspend the beads. Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
52| Repeat
Step 51 twice more.  crItIcal step For multiple samples, always prepare an excess (~10%) to ensure that all samples receive the exact amount of mixture indicated in the protocol.
55| Collect the suspension from
Step 53 at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
56|
Remove the tube from the magnet, resuspend the beads with 50 µl of A-tailing reaction mixture (from Step 54) by pipetting gently, and incubate the tube at 37 °C for 30 min on a rotating wheel at 2-5 r.p.m.  crItIcal step The reaction can take place on a small rotating wheel in a hybridization oven.
57|
58|
59| Repeat
Step 58 twice more.
60|
Remove the tube from the magnetic stand, add 200 µl of EB buffer to the tube, and gently tap the tube to resuspend the beads.  crItIcal step For multiple samples, always prepare an excess (~10%) to ensure that all samples receive the exact amount of mixture, as indicated in the protocol.  crItIcal step When the adapter without the identification tag is used, all reads theoretically start with TCT, because both ends of the library inserts are created by AluI digestion followed by A-tailing. The identification tags shown in the MATERIALS section appear as the first three bases of the read, followed by TCT, in the sequencing results. This means that the sequencing signals may be less variable when sequencing the first 3-6 bases, depending on the choice of identification tags, which affects cluster recognition by HiSeq sequencer (when using a Genome Analyzer IIx, one can avoid this problem by a specific technique 22 ). When using HiSeq, make sure that each digit of the tag has substantial variation among the libraries to be loaded in the same lane. The adapters with identification tags should only be used when multiple libraries are to be mixed and sequenced in the same lane.
62| Collect the suspension from
Step 60 at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
63|
Remove the tube from the magnet, add 48 µl of ligation mixture and 2 µl of sequencing adapter (with an identification tag of choice), resuspend the beads by pipetting gently and incubate them at room temperature for 30 min on a rotating wheel at 2-5 r.p.m.  pause poInt The reaction can be extended overnight if necessary.
64|
65|
66| Repeat
Step 65 twice more.  crItIcal step For multiple samples, always prepare the mixture in excess (~10%) to ensure that all samples receive the exact amount of mixture, as indicated in the protocol.
69| Collect the suspension from
Step 67 at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 1 min, and then carefully remove the supernatant.
70|
Remove the tube from the magnet, add 50 µl of amplification mixture (from Step 68), resuspend the beads by pipetting gently and transfer them to a new 0.2-ml PCR tube.
71|
Run the amplification reaction in a thermal cycler, using the program below: library purification • tIMInG ~1 h 72| Briefly centrifuge the amplified library (from Step 71) in a 0.2-ml PCR tube, put on the magnet for 96-well plates for 1-2 min and then carefully transfer 45 µl of the supernatant to a new 1.5-ml tube.  crItIcal step To avoid contamination of the supernatant with beads, take care not to disturb or touch the bead pellet with the pipette tip.
73| Add 81 µl of AMPure XP to 45 µl of library, mix it well and leave the tube for 5 min at room temperature.  crItIcal step AMPure XP is stored at 4 °C, but make sure that the AMPure XP added is at room temperature. For convenience, make an aliquot (81 µl per sample) to equilibrate to room temperature in advance.
74|
Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 2-3 min, and then carefully remove the supernatant.
75|
While keeping the tube on the magnet, add 200 µl of 70% (vol/vol) ethanol. Leave it for 30 s and then carefully remove the supernatant.  crItIcal step The 70% (vol/vol) ethanol should be prepared fresh, and it should be used at room temperature.
76| Repeat
Step 75 twice more.
77|
Remove the tube from the magnetic stand and collect the remaining liquid at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand, and remove the remaining liquid at the bottom, taking care not to disturb or touch the bead pellet.
78|
Open the lid of the tube on the magnet and leave it for 5-15 min until the bead pellet dries.  crItIcal step The tube can be covered with a clean paper towel. A sign of dry pellets is a loss of glossy surface and visible cracks.
79|
Once the pellet is dry, immediately add 17 µl of 10 mM Tris-HCl (pH 8.5) to the pellet, remove the tube from the magnet, resuspend the pellet well by gentle pipetting and leave it for 5 min.
80|
Collect the suspension at the bottom of the tube by gentle and brief centrifugation. Put the tube on a magnetic separation stand for 2-3 min, and then carefully transfer 15 µl of the supernatant to a new 1.5-ml tube.  crItIcal step To avoid contamination of the supernatant with beads, take care not to disturb or touch the bead pellet with the pipette tip.
size selection of the library • tIMInG ~5 h 81| Mix the sample from Step 80 with 3 µl of orange G loading dye and run it on a 2% (wt/vol) agarose gel until the orange G dye has migrated ~3 cm. ! cautIon As ethidium bromide is toxic, it should be handled with care and discarded according to relevant institutional and local regulations.  crItIcal step Include ethidium bromide in the gel and running buffer at a concentration of 0.5 µg/ml.
82|
Cut out and collect the gel slice corresponding to 300-700 bp.  crItIcal step The typical result of the run is a fairly faint smear between 300 and 2,000 bp and a dense band near 130 bp, but the intensity of the smear varies. An intense smear is not necessarily indicative of a good library. Care should be taken not to collect the band near 130 bp, because it corresponds to the primer dimer that outcompetes sequencing of informative molecules in the library. Figure 5 shows an example gel image with smears of various intensities.
83|
Retrieve DNA from the gel fragment using the MinElute gel extraction kit according to the manufacturer's recommendations with the following modifications: Bioanalyzer analysis and quantitative pcr • tIMInG ~3 h 84| Assess the quality and size distribution of the library with an Agilent 2100 Bioanalyzer system. As the library was selected for 300-700 bp at
Step 82, the size distribution should be close to this size range (Fig. 6) .  crItIcal step If there is another peak ~130 bp (Fig. 6a) , it means that the library is contaminated with the primer dimer. Even if the primer dimers are minor in the library (e.g., 10%), they are overrepresented in the sequence results because they are quite efficient in cluster formation. This reduces the sequencing depth of the real library of interest. If the library includes a significant amount of large DNA (e.g., >1.5 kb), they may form large clusters overlapping with neighboring ones in the flowcell. This may make the sequence signals from these clusters of low quality or unreliable. To remove these out-of-range molecules from the library, repeat the size selection (Steps 81-83) once more (Fig. 6b) . ? trouBlesHootInG
85|
If the size distribution of the library is acceptable for sequencing, quantify the library using KAPA Illumina library quantification kit (which comes with all necessary reagents) and real-time PCR system. cluster formation and sequencing • tIMInG up to 1 week 86| Sequence the library, 40-to 50-bp paired-end reads, according to the manufacturer's recommendations. This will generate two FASTQ files: one file contains the read 1 sequences and the second file contains the read 2 sequences.  crItIcal step When sequencing with the Genome Analyzer IIx, reasonable sequencing depth is achieved by loading ~12 single-cell libraries with distinct indexes onto the same lane.
Bioinformatics processing: customizing the single-cell Hi-c pipeline • tIMInG 2 d 87| Independently map the two FASTQ files to an appropriate reference genome. In our previous study 13 , we used the Maq aligner program with standard parameters, retaining pairs in which both reads mapped uniquely and with high mapping quality (MapQ ≥ 30).
88| Download, set up, test and run scell_hicpipe via the command line on a Linux operating system, as described in Box 2. The description in Box 2 explains how to process a premade test data set to verify that scell_hicpipe runs correctly on your system. However, it is more common that the user will want to process other data sets, which should be done as described in Steps 89-93.
89|
Prepare input data file type 1, an ASCII tab-delimited file of mapped single-cell Hi-C paired-end reads, with columns ordered as follows: Read1 chromosome name; Read1 co-ordinate; Read1 strand; Read2 chromosome name; Read2 co-ordinate; and Read2 strand. Copy this file into the 'input' folder.
90|
Prepare input file type 2, an ASCII tab-delimited file listing chromosome names and lengths, with columns ordered as follows: Chromosome name; and Chromosome length (in bp). Copy this file into the 'input' folder. 
91|
Prepare an ASCII tab-delimited file of all the fragment ends. Each file should have columns ordered as follows: Index number (integer value starting and 1 and incrementing by 1); Restriction fragment number; Strand; Chromosome name; Co-ordinate; Fragment length; and Fend length.
In addition, create a file listing only the predetermined valid fragment ends, which should be in the same format as above. Finally, create a file listing the nonvalid fends, which should simply be a one-column list of the index numbers of those fragments ends not considered valid.
Copy these three files into a folder named 'fends', and copy this folder into the 'input' folder.
Box 3 | Creating a configuration file for each data set • tIMInG 1 h
The makefile is executed to run the pipeline list parameters that may be adjusted by the user. For example, the first parameter in the makefile is as follows:
# output directory ODIR?=output
The text after the hash symbol '#' is a comment describing the parameter, which in this case is the directory to which the processed data will be written. The directory name ('outdir') is written after the text 'ODIR?=' . The makefile may be edited to specify different running parameters. Alternatively, and more simply, a configuration file may be created to override the parameters specified in the makefile. For example, consider a configuration file containing the following text: 
